saturable with a substrate concentration at half-maximum transport velocity (K t ) of 1.7 ± 0.3 µM and a maximum transport velocity (V max ) of 0.95 ± 0.04 µmol per mg MhsT per min, yielding a catalytic turnover number (k cat ) of 0.8 ± 0.03 s −1 (Fig. 1c) . This number is similar to that of many other Na + -coupled transporters [22] [23] [24] but is about two and three orders of magnitude faster than for LeuT-mediated transport of l-alanine and l-leucine, respectively 7, 25 . MhsT binds l-tryptophan with an apparent dissociation constant (K d ) value of 4.8 ± 0.6 µM and a molar binding stoichiometry of 1.1 ± 0.04 as determined by saturation equilibrium binding studies in dodecylmaltoside (DDM), the detergent we used for solubilization and purification of MhsT (Fig. 1d) .
Two MhsT crystal structures
We obtained two independent crystal forms of MhsT by using HiLiDe 20 ( Table 1 and Fig. 2a,b) and LCP 21 crystallization methods ( Table 1 and Fig. 2c ), determining the resulting structures at 2.1-and 2.6-Å resolution, respectively. Both structures represent an occluded state with two bound Na + ions and one l-tryptophan molecule (Fig. 2) . The structures are similar overall and superimpose with an 0.65-Å r.m.s. deviation, but they differ at a specific, local region (described below). In the following, MhsT and MhsT LCP will refer to the HiLiDe and the LCP structures, respectively.
Functional state of the MhsT structure
The overall fold of MhsT is similar to that of LeuT 7 ( Supplementary  Fig. 1 ) and dDAT 11 , with which it shares 33% and 25% sequence identity, respectively (Supplementary Note and Supplementary Table 1) . We observed a tight hydrophobic cluster of TMs 1b, 2, 6a and 7 that effectively seals the extracellular side of the transporter (Fig. 3a) , similarly as in the inward-open conformation of LeuT 10 . In the occluded outward-facing state, LeuT displays an open and hydrophobic extracellular vestibule 7 , whereas the extracellular vestibule of MhsT was collapsed in our structure. Interestingly, at the intracellular side we observed a water-access pathway that reaches the Na2 site (Fig. 2a) , whereas the bound substrate and Na1 site remained inaccessible. Thus, the MhsT structure represents an occluded, inward-facing state (described below).
The collapsed extracellular vestibule forms a hydrophobic cluster centered on Trp33 of TM1b (Fig. 3b,c) , which is conserved across the NSS family except for LeuT, which has Leu29 LeuT at the equivalent position (Supplementary Fig. 2 ). The bulky nature of Trp33 leaves no void for an additional ligand. In contrast, the inward-open state of LeuT also displays extracellular closure but with a yet-unidentified entity that is enclosed near Leu29 LeuT (ref. 10) and that possibly marks a second substrate site (S2), as previously identified by molecular dynamics simulations and functional studies 25 .
A number of structures of non-NSS LeuT-fold transporters have also been assigned as occluded inward facing, including a Na + -released, galactose-bound vSGLT 14, 26, 27 , a Na + -released betainedisplaced BetP 17, 28 and a post-substrate-released ApcT in a return state 16 . All of these models therefore represent later intermediates of a transport cycle than the Na + -bound and occluded inward-facing states reported here for the NSS family transporter MhsT. 
Substrate-and Na1-binding sites
The binding site for l-tryptophan in MhsT is similar to the l-leucineoccupied S1 site in LeuT 7 ( Supplementary Fig. 3a,b) . The carboxyl and amino groups of l-tryptophan make hydrogen bonds with the side chains of Tyr108 and Ser233 and backbone atoms of Gly30, Ala26, Thr231 and Phe230. A flexible Met236 side chain accommodates the bulky indole group of l-tryptophan, and the indole nitrogen makes a hydrogen bond with Ser327 ( Supplementary Fig. 3a) .
Comparing MhsT and LeuT, the bulky side chains of Phe259 LeuT and Ile359 LeuT (Met236 MhsT and Leu328 MhsT , respectively) cannot accommodate l-tryptophan 8 ( Supplementary Fig. 3d) , and, although a I359Q LeuT mutation supports l-tryptophan transport and binding 29 , it imposes a different rotamer configuration of l-tryptophan ( Supplementary Fig. 3c ) than that in the l-tryptophan-transporting MhsT (Supplementary Fig. 3a) . The coordination of Na1 in MhsT is similar to that in LeuT 7 (Supplementary Table 2) , showing octahedral geometry by side chains of Asn31, Thr231 and Asp263, backbone carbonyls of Ala26 and Thr231, and the l-tryptophan carboxyl group ( Supplementary Fig. 3e ,f). Supplementary Fig. 4 ). However, the intracellular side also differs from the outward-facing forms of LeuT in key details. Most importantly, we observed unwinding of the intracellular part of TM5-a feature that creates a solvent pathway that provides water access from the cytoplasm to the Na2 site ( Fig. 4a and Supplementary Fig. 4b and described below). We propose that the unwinding results from the strain imposed by the movement of the extracellular part of TM5 (TM5e) together with TM6a during closure of the extracellular vestibule around Trp33, while at the same time the intracellular part of TM5 (TM5i) holds on via a short coiledcoil interaction with TM1a, which in turn is held in place through coordination with Na + at the Na2 site ( Fig. 4a-c) . Furthermore, the negative end of TM4 and the positive end of TM5i dipoles 30 interact with the salt bridge between the conserved Arg344 MhsT (Arg375 LeuT ) of the TM8-TM9 loop and Glu10 MhsT (Glu6 LeuT ) of the N-terminal end, respectively ( Fig. 4a-c and Supplementary  Fig. 4) . Thus, the substrate-occluding configuration of the intracellular interface is dependent on the occupied Na2 site, which promotes the TM1a enclosure of the Na1-and l-tryptophan-binding sites ( Fig. 4a and described below). Importantly, the unwinding of TM5 is facilitated by a conserved GlyX 9 Pro helix-breaking motif (Gly171X 9 Pro181 MhsT , MhsT is shown in a schematic representation (dark gray, scaffold helices; red and pink, bundle helices; cyan, TM5) with associated water molecules (red dots). The electrostatic surface is shown for the symmetry-related MhsT (right, ball-and-stick representation, associated detergent molecules; green spheres, Na + ; orange sticks, l-tryptophan), and the close-up shows a cytoplasmic cavity, lined by negatively charged residues, that reaches the Na2 site. a r t i c l e s Gly190X 9 Pro200 LeuT ; Fig. 5a ). A sequence alignment of NSS family members at the poorly conserved TM4-TM5 region 31 was previously confirmed and further refined by the recent dDAT structure 11 . This alignment indicates two populations for the GlyX 9 Pro motif, where the motif is slightly shifted in eukaryotic NSSs with respect to bacterial NSSs ( Fig. 5a and Supplementary Fig. 2 ). However, we predict a preserved ability to promote unraveling of TM5i as observed here. We speculate that the sequence variations fine-tune the TM5 deformation mechanism to the specific physicochemical conditions of individual species. Interestingly, structural alignment of MhsT (NSS family) and Mhp1 (ref. 15) (nucleobase/cation symporter-1 (NCS1) family), which is another LeuT-fold transporter, reveals a recurring GlyX n Pro pattern in the intracellular part of TM5 (Supplementary Fig. 5 ), suggesting that the unwinding and cytoplasmic water access to the Na + -binding site in the inward-facing states may also be exploited in other Na + -dependent, LeuT-fold transporters (additional details on structural alignment of other LeuT-fold symporters in Supplementary Note and Supplementary Fig. 6 ).
TM5 unwinding and intracellular access to the Na2 site

Na2 solvation
In the occluded outward-facing state of LeuT, the Na + ion at the Na2 site is buried and has trigonal-bipyramidal coordination by five ligands 7 . However, for MhsT a cytoplasmic water molecule is added as a sixth ligand, which accesses Na2 through the solvent pathway afforded by TM5 unwinding (Figs. 2 and 4 and Supplementary Table 1) . TM8 is displaced with respect to TM1, and the Ser323 side chain shifts, thus providing space for the water molecule. The equivalent Thr354 LeuT has previously been suggested to be important for Na2 solvation 32 . With this additional water ligand, Na2 changes coordination chemistry from trigonal-bipyramidal and occluded to octahedral yet distorted (Fig. 4b) and then contacts the intracellular environment. The Na2 site is, therefore, effectively primed for (TM3-TM4 and TM8-TM9) . Key structural changes are marked with orange arrows. In a, the switch from outward-to inward-facing occluded states is associated with a movement of the extracellular parts of helices 1b, 6a and 7 and EL4 toward the scaffold domain that closes the extracellular vestibule. In b, the switch from occluded inward-facing to inward-open states is linked to the release of Na + from the Na2 site, which triggers TM1a to swing out and open a wide, intracellular pathway. (c) Intracellular and extracellular cavities. Cyan indicates residues forming the extracellular gates (Arg34 MhsT npg a r t i c l e s further solvation and Na + release to the cytoplasmic milieu, a process that may be facilitated by the negative membrane potential.
MhsT Trp33 and GlyX 9 Pro mutational study
We tested functionally important residues in MhsT by mutagenesis and measurement of l-tryptophan uptake into intact Escherichia coli (MQ614 strain) cells. The mutation of Trp33 MhsT to leucine reduced the V max by nearly 70% compared to that of wild-type MhsT with little effect on K t (Fig. 5b,c) . These findings support a role for the conserved Trp33 in enhancing the transition to the inward-facing conformation. Notably, for the mammalian GABA transporter GAT1 the corresponding Trp68Leu GAT1 mutation shows unaffected ligand binding affinity yet markedly reduced transport due to impaired substrate release 33 . In addition, mutation of the aligned residue in human DAT (Trp85 to leucine or alanine) enhanced cocaine binding, consistently with a more outward-open configuration, and reduced transport by slowing inward release of dopamine 34, 35 . Similarly, we investigated the functional role of the Gly171X 9 Pro181 motif in MhsT. Mutating Gly171 to alanine or Pro181 to leucine drastically reduced the uptake of [ 3 H]tryptophan (Fig. 5b,c) , with V max values that were 97.2 ± 0.2% and 93.2 ± 1.8% lower than the V max for wild type, respectively, whereas the K t was 3.8 times higher for G171A and 2.4 times lower for the P181L mutant compared to wild type (Fig. 5c) . Mutation to alanine of Pro272 rDAT of the TM5 GlyX 9 Pro motif of the rat dopamine transporter was previously shown to reduce the apparent affinity for dopamine and a cocaine analog and decrease the turnover of dopamine transport 36 , results all supporting a central role for this structural motif in transport. Also of note, hSERT is activated by protein kinase G phosphorylation of Thr276, which precedes the Gly278X 9 Pro288 hSERT motif 37 , thus hinting at a regulatory interplay.
Mutations of the GlyX 9 Pro motif primarily reduce the V max and have smaller and more diverse effects on the K t . This suggests that such mutant forms generally allow binding of substrate in the outward-open state but are impaired in the forward transition toward substrate release.
Differences between MhsT and MhsT LCP structures
Comparing our two independent crystal forms of the occluded, inward-facing state, we note that the MhsT LCP structure exhibits tighter crystal packing (Supplementary Fig. 7 ) and a displaced N-terminal segment that is disordered in the crystal structure (Fig. 2b,c) . Without the N-terminal segment stabilizing the unwound TM5, the latter reverts to a continuous but slightly kinked helix (Fig. 2c, Supplementary Fig. 6 and Supplementary Movie 1) similar to that observed in the LeuT 7,10 and dDAT 11 structures. The helical TM5 then disconnects the solvent pathway from the cytoplasm to the Na2 site. Importantly, the MhsT LCP structure therefore shows that TM5 of MhsT is capable of forming a helix as observed in LeuT and dDAT while also highlighting that conserved features of the N-terminal segment are important for stabilization of a conformation that opens the Na2 site to the cytoplasm (Supplementary Movie 1) . The dynamics of the N-terminal segment has also been observed in single-molecule studies and has been found to be integral to function 38 . Furthermore, we note that the continuous TM5 helix formed upon N-terminal tail disengagement remains flexible, as indicated by high displacement factors for that region in the MhsT LCP structure (Fig. 2c) .
Comparison of the MhsT, MhsT LCP and LeuT structures 7, 10 therefore suggests a 'spring mechanism' for Na + release (Fig. 4a) : the TM5 helix is continuous in the occluded outward-facing state 7 , then exploits unwound conformations (or other flexible conformations) as an extended spring in the inward-facing state observed here and finally reforms as a continuous helix in the inward-open state upon Na + and substrate release 10 .
DISCUSSION
The MhsT structures reported here provide new insights into the coupling of Na + and substrate release for the NSS family. A coupled mechanism has been proposed for secondary transporters in which the driving ion binds before the main substrate ('first on') in the outward-facing state and has to be released before the main substrate ('first off ') in the inward-oriented state 13, 39 . Functional studies of the NSS family have shown that Na + binding stabilizes the 32 . The MhsT structures presented here provide experimental support for this, but through an unanticipated mechanism, namely TM5 unwinding. A related release mechanism was recently proposed for a major facilitator superfamily transporter, the proton-dependent phosphate transporter PiPT 43 . For PiPT, an occluded inward-facing state displays a narrow putative H + -release pathway, thus also suggesting an intracellular release mechanism with two steps: first the release of H + through the narrow pathway formed upon substrate occlusion and second the release of the substrate as H + release triggers inward opening.
In conclusion, our observations suggest a general model of NSS function (Fig. 6 and Supplementary Movie 2): First, Na + and substrate binding in an outward-open state initiates occlusion by interactions with TM1b and TM6a 7 . This occluded, outward-facing state exposes a hydrophobic vestibule, thus priming the transporter for further extracellular closure upon movement of TM1b, TM6a, TM7 and extracellular loop 4 (EL4) together with TM5e and at the same time driving the transporter toward the inward-facing state presented here. The extracellular closure is centered on the conserved Trp33 MhsT of TM1, but it may involve binding of a second substrate (S2) in LeuT 9,10 , which lacks the conserved tryptophan at this position. In the occluded inward-facing state, TM5e has moved relative to TM5i, which maintains its interaction with the N-terminal segment and TM1a through joint coordination of Na + at the Na2 site (Fig. 4b) ; TM5 therefore extends as a spring at the cytoplasmic membrane interface, with the unwinding facilitated by the conserved GlyX 9 Pro deformation points. TM5 unwinding, however, provides access of intracellular solvent to the Na2 site, with the Na2 site accepting a water molecule as a sixth ligand completing octahedral coordination ( Fig. 4b and Supplementary Fig. 3g,h) . The occluded inward-facing state is therefore primed for full solvation and intracellular release of Na + from the Na2 site. Owing to the low intracellular concentration of Na + , maintained by active Na + -extruding transporters, the intracellular release of Na2 triggers the forward reaction. Once Na + is released from the Na2 site, possibly after stimulation by the structural flexibility of TM5 and a negative membrane potential, TM1a becomes liberated and can swing out while TM5i reassociates with TM5e to re-form the TM5 helix; this in combination provides the opening for release of substrate and Na1 to the intracellular environment 10 .
Thus the MhsT structures provide a missing link that depicts in concrete structural terms how an intricate sequence of intermediate steps during the transport cycle of a secondary transporter is connected to the downhill movement of Na + along its transmembrane electrochemical gradient. Furthermore, these structures suggest that the dynamics of such individual states has another key role, and further studies of structure, function and dynamics will be required to establish a comprehensive understanding of how membrane transporter molecules work in a biomembrane.
METHODS
Methods and any associated references are available in the online version of the paper. In Figure 6 Transport mechanism of the NSS family. Na + binding at the Na1 and Na2 sites stabilizes the outward-open state (1) and allows the substrate to bind (dashed arrow), triggering substrate site occlusion (2) . Closure of the hydrophobic extracellular vestibule (EV) on Trp33 facilitates formation of an inwardfacing state in which TM5 unwinding provides a solvation pathway for the Na2 site (3) and an opportunity for Na + to escape to the intracellular low-Na + environment (4). Na + release from Na2 allows TM5 to reform and TM1a to swing out to release the substrate with Na + from Na1 in 
